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酸铝，并得出优化条件为：金属盐用量为纤维素质量的 1.0%、机械活化温度为 50 ℃。
在机械活化-硝酸铝作用下，棉纤维素聚合度急剧下降，30 min 即可超过单独机械活化 120 
min 的作用效果；单独机械活化、机械活化-硝酸铝预处理均能破坏棉纤维素的结晶结构，
而机械活化-硝酸铝的作用效果更为显著，纤维素的结晶度急剧下降，并在球磨90、120 min





























度为 45 ℃，催化剂用量为 1:0.30（纤维素脱水葡萄糖苷单元（AGU）和次亚磷酸钠的摩
尔比），反应物配比为 1:4（纤维素 AGU 和月桂酸的摩尔比），金属盐助剂用量为 1:3.20
















温度为 80 ℃，反应时间为 120 min。在该条件下所制得的酯化改性木薯酒糟的增重率为
96.8%。酯化产物的活化度随着增重率的增加而提高，说明酯化改性使木薯酒糟由亲水性







加而不断增加，并在 120 min 时（增重率 大）达到 大值，与反应时间为 30 min 的酯
化产物制备的复合材料相比，拉伸强度从 1.244 MPa 增至 4.811 MPa，断裂伸长率从






















Lignocellulose, a kind of natural macromolecule polymer that mainly exists in green 
plants, is an inexhaustible and renewable resource in nature. Due to the increasing energy 
demand, rapidly growing issue of environmental pollution and the gradually exhausting fossil 
fuel resources, lignocellulose is considered as the most potential biomass resource for the 
alternative of petroleum. The use of lignocellulose for the production of biomass energy, 
bio-based chemicals and polymer materials has significant social and economic benefits. 
However, cellulose has the stable structure with high crystallinity, and cellulose, hemicellulose 
and lignin form the complex and stable supramolecular structure of lignocellulose, which 
resists assault of other reagents, resulting in the poor accessibility and reactivity of 
lignocellulose. The development and utilization of lignocellulose still have a series of technical 
bottlenecks, and one of the key technologies is the deconstruction and activation of the stable 
structure of lignocellulose. To this end, the combination of mechanical activation (MA) and 
metal salt (MS) was used for the activation pretreatment of cellulose, and the synergism and 
mechanism of MA-MS pretreatment in solid phase were also investigated in this study. Then, 
this technology was further applied to enhance the solid phase esterification of cellulose and 
lignocellulose. The main research contents and results are as follows:  
(1) Study on the synergistic effect of MA-MS pretreatment on cellulose in solid phase. 
The comparative studies of the effects of MA and MA-MS pretreatments on the structural 
characteristics and enzymatic hydrolysis activity of cellulose were analyzed by degree of 
polymerization (DP), X-ray diffraction (XRD), Fourier transform infrared spectroscopy (FTIR), 
scanning electron microscopy (SEM), and reducing sugar yield (Yr) of enzymatic hydrolysis 
with using cotton fiber as cellulose material, metal nitrates as additive, and stirring ball mill as 
MA equipment. Al(NO3)3 was chosen as an effective metal salt according to the changes of DP 
and crystallinity index (CrI) in the same pretreatment conditions, and the optimized conditions 
were obtained as metal salt dosage of 1% (weight percent compared to cellulose) and MA 
temperature (TM) of 50 °C. In the process of MA-Al(NO3)3 pretreatment, the DP of cotton 
cellulose sharply decreased, and the DP of MA-Al(NO3)3 pretreated cellulose with MA time 
(tM) of 30 min was lower than that of MA pretreated one with tM of 120 min. Both MA and 
MA-Al(NO3)3 pretreatments could destroy the crystal structure of cotton cellulose, but the 
effect of MA-Al(NO3)3 was more remarkable. The CrI of MA-Al(NO3)3 pretreated cellulose 
rapidly reduced, and the crystalline allomorph was gradually converted from cellulose I to 

















allomorphs. There were no new functional groups generated in cotton cellulose during both the 
MA and MA-Al(NO3)3 pretreatments. The destruction of morphological structure of cotton 
cellulose was mainly resulted from intense mechanical force, but the change in morphology of 
MA-Al(NO3)3 pretreated cellulose was more obvious. So, the actions of MA and Al(NO3)3 on 
cellulose were mutually promotive and exhibited synergistic effect, which efficiently improved 
the pretreatment effect of cellulose. The results of enzymatic hydrolysis experiments showed 
that both MA and MA-MS pretreatments could promote the enzymatic hydrolysis activity of 
cellulose, and the promotion of MA-Al(NO3)3 was the most significant, which were consistent 
with the effects of different pretreatments on the structural characteristics of cellulose and 
further validated the outstanding synergistic effect of MA-MS pretreatment on cellulose.  
(2) Study on the synergistic effect of MA-MS for enhancing the solid phase esterification 
of cellulose with long chain substituent. Cellulose laurate was prepared by 
MA-MS-strengthened solid phase reaction with using bagasse cellulose as material, lauric acid 
as long chain esterifying agent, sodium monophosphate as catalyst, zinc chloride as MS 
additive, and stirring ball mill as solid phase reactor. The structure and properties of cellulose 
laurates, such as functional groups, crystal structure, surface morphology, thermal stability, and 
hydrophobicity, were also characterized and analyzed. The results indicated that the optimized 
conditions for the esterification of bagasse cellulose were obtained as reaction temperature (Tr) 
of 45 °C, catalyst dosage of 1:0.30 (molar ratio of anhydro glucose unit (AGU) of cellulose: 
NaH2PO2·H2O), reactant ratio (molar ratio of AGU of cellulose:lauric acid), MS additive 
dosage of 1:3.20 (molar ratio of AGU of cellulose:ZnCl2), and reaction time (tr) of 60 min. 
Under these reaction conditions, the degree of substitution (DS) of cellulose laurate was 1.94. 
In the process of MA-ZnCl2-strengthened esterification, the compact and smooth surfaces of 
bagasse cellulose were eroded and destroyed, and the fiber bundles became incompact ascribed 
to the rupture and thinness of bagasse cellulose, leading to the easier penetration of reagents to 
the interior of cellulose particles and thus improved the accessibility and reactivity of cellulose. 
The intensities of the characteristic absorption peaks of ester carbonyl group and methylene 
gradually increased with an increase in DS of the products. After the modification of bagasse 
cellulose by esterification, its crystal structure was disrupted and the CrI decreased, but the 
crystalline allomorph was still cellulose I. MA-ZnCl2-strengthened esterification weakened the 
interaction between molecular chains of bagasse cellulose, and the thermal stability obvious 
decreased, contributing to the improvement of its hot workability. The contact angle increased 
with the increase in DS of the products after the esterification of bagasse cellulose, and the 
hydrophobicity of modified cellulose was improved. Therefore, the synergistic interaction of 
MA-ZnCl2 effectively destroyed the highly crystalline supramolecular structure of cellulose, 

















esterification of cellulose.  
(3) Study on the synergistic effect of MA-MS for enhancing the solid phase esterification 
of lignocellulose and the preparation of all-plant fibre composites (APFC). Lignocellulose was 
modified by MA-MS-strengthened solid phase esterification with using cassava stillage residue 
(CSR) as material, acetic anhydride as esterifying agent, zinc chloride as MS catalyst, and 
stirring ball mill as solid phase reactor, and the structure and properties of the products were 
also characterized and analyzed. In addition, the modified CSR was used as material to prepare 
self-reinforced APFC by hot pressing technology. The results showed that the optimized 
conditions for the esterification of CSR were obtained as mass ratio of acetic anhydride:CSR of 
3:1, zinc chloride dosage of 30% (weight percent compared to CSR), Tr of 80 °C, and tM of 120 
min. Under these reaction conditions, the weight gain (W) of modified CSR was 96.8%. The 
activation grade (Ag) increased with the increase in W of the products, indicating that CSR 
changed from hydrophilicity to hydrophobicity after modified by esterification. The FTIR 
spectra of the products showed an obvious new absorption peak at 1740 cm−1, proving that 
CSR had been successfully esterified. The action of MA-ZnCl2 and the introducation of acetyl 
broke the crystalline structure of CSR, leading to the remarkable reduction of CrI. After the 
process of MA-ZnCl2-strengthened esterification, the compact fiber bundle structure of CSR 
was damaged, contributing to the generation of small particles. The introduction of acetyl and 
the breakage of hydrogen bonds and crystal structure weakened the intermolecular force, and 
the products could be melted in lower temperature. Moreover, the melting temperature of the 
products decreased with their W, which confirmed that the modified CSR possessed 
thermoplasticity. After esterification by MA-ZnCl2-strengthened reaction, the thermoplastic 
modified CSR was used as material to prepare self-reinforced APFC by hot pressing 
technology. Under the same hot pressing conditions, the mechanical properties of APFC 
enhanced with tM and reached the maximum values with the tM of 120 min (the maximum value 
of W). Compared with the mechanical properties of the APFC prepared by the modified CSR 
with tM of 30 min, tensile strength, elongation at break, flexural strength, and flexural modulus 
increased from 1.244 MPa, 0.065%, 6.457 MPa, and 0.241 GPa to 4.811 MPa, 0.491%, 16.118 
MPa, and 1.945 GPa, respectively, which exhibited quite significant increment. With the 
increase in W of the modified CSR, the structure of APFC was more compact, and the 
mechanical properties of APFC were also better.  
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符号 意义 单位或量纲 
Ag 活化度 % 
CrI 结晶度 % 
DS 取代度  
DP 聚合度  
TM 机械活化温度 ℃ 
tM 机械活化时间 min 
Tr 反应温度 ℃ 
tr 反应时间 min 
W 增重率 % 
Yr 还原糖得率 mg/g 
AGU 纤维素脱水葡萄糖苷单元  
APFC 全纤维复合材料  
CSR 木薯酒糟  
DNS 3,5-二硝基水杨酸  
DSC 差示扫描量热法  
FPU 滤纸酶活  
FTIR  傅立叶红外光谱  
MA 机械活化  
MS 金属盐  
O.D540 540 nm 处吸光度值  
SEM 扫描电子显微镜  
TGA 热失重分析  





























(C6H10O5)n（n 为纤维素分子的聚合度，degree of polymerization，用 DP 表示），其结构
式通常有 Haworth 和椅式结构两种表示方法，如图 1-1 所示[4,5]。纤维素分子中的每个葡
萄糖基环上均有 3 羟基，分别位于第 2、3、6 位碳原子上，其中 C6 位上的羟基为伯醇
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